We study Rayleigh-Brillouin scattering in gases of N2, O2, and SF6 molecules, Kr atoms, and He-Xe and He-CO2 mixtures at pressures ranging from 1 to 3 bar and using two different experimental setups. In one setup, we measure spectra of light scattered by thermal density fluctuations (spontaneous Rayleigh-Brillouin scattering); in the second setup density waves are induced in the overlap region of two counterpropagating laser beams (coherent Rayleigh-Brillouin scattering). We compare measured spectra to the Tenti models and to a recent model for mixtures. We find new values of the bulk viscosity, which is a parameter in line-shape models that allows for internal degrees of freedom. Both experiments agree on the value of the bulk viscosity. Our results indicate a need for new line-shape models for mixtures of molecules with internal degrees of freedom.
I. INTRODUCTION
T he physical phenom enon o f light scattering by sm all parti cles o f size sm aller than the w avelength o f the incident light has been understood in the fram ew ork o f electrom agnetism since the pivotal studies by R ayleigh [1] m ore than a century ago. Fluctuations in the dielectric constant o f the gas, at the deepest level associated w ith the particle nature o f gases, are the cause o f light scattering. In R ayleigh's theory, the scattering cross section is directly connected to the index of refraction o f the gaseous m edium . Later, the polarization and depolarization properties in these scattering processes w ere investigated [2 ] . Initially these scattering phenom ena w ere considered to be elastic until R am an show ed that internal degrees of freedom of the m olecular scattering center affect the spectral distribution o f the scattered light [3 ] . T he spectral line shape is not only determ ined by such single-m olecule properties, but also by collective effects such as density fluctuations in the gas, w hich give rise to the pronounced B rillouin sidebands of the central elastic scattering peak. T hese acoustic m odes becom e m ore pronounced at higher densities and the scattering phenom enon is know n as R ayleigh-B rillouin scattering. T he study of the exact Rayleigh-B rillouin spectral line shape is o f practical relevance since it provides inform ation on the velocity, density, and tem perature o f the illum inated gas sam ples.
M ethods o f kinetic theory have been successfully used for the prediction of spectral line-shapes o f Rayleigh-B rillouin scattering [4 ,5 ] . However, as light scattering experim ents and the analysis o f spectral data becom e m ore and m ore precise, there is an urgent need to test the precision o f line-shape m odels. These line-shape m odels are o f key im portance for the quantitative interpretation of lidar experim ents, such as the satellite-based lidar study A D M -A eolus planned by the E uropean Space A gency (ESA ) [6] . K inetic line-shape m odels use m acroscopic transport coefficients, such as the viscosity n, the bulk viscosity nb, the heat conductivity X, and the heat *W.v.d.Water@tue.nl capacity cint o f the internal degrees of freedom of the gas, to m odel the m icroscopic collision integral. M ost kinetic m odels are for single-com ponent gases only. Air, on the other hand, is a gas m ixture, and m ay also contain significant am ounts of w ater vapor and C O 2. A m odel for the spectral line shape of light scattered in m ixtures o f gases was described recently, but has not yet been thoroughly tested [7, 8] .
L et us now briefly sum m arize earlier experim ents on R ayleigh-B rillouin scattering. R ayleigh-B rillouin scattering in gases was first explored in the 1960s using narrow -band lasers and Fabry-Perot interferom eters, w hich provide the frequency resolution needed to observe the B rillouin doublet due to scattering off therm al sound. G reytak and B enedek [9] used a frequency-stabilized H eN e laser (632.8 nm ) delivering 0.6 m W and investigated several gases (Ar, X e, N 2, C O 2, C H 4) at atm ospheric pressure. They obtained spectra at scattering angles 0 = 10.6° and 0 = 169.4° using two differ ent Fabry-Perot spectrom eters, w ith 28-M H z and 205-M H z instrum ental resolution, respectively. H ara, M ay, and K naap [10] investigated the R ayleigh-B rillouin spectrum of the three isotopic variants o f m olecular hydrogen (H 2 , HD, and D 2) at a scattering angle of 0 = 90°. T hey used a H eN e laser and a pressure-scanned parallel-plate Fabry Perot with a finesse o f 50; its free spectral range (FSR) varied from 15 G H z for the H 2 experim ents to 10 G H z for the D 2 and H D experim ents. Sandoval and A rm strong [11] studied R ayleigh-B rillouin scattering in N 2 at a range o f pressures (1-661 Torr) using a frequency-stabilized H eN e laser at a scattering angle o f 0 = 15°. T he instrum ent w idth of the piezoelectrically scanned Fabry-Perot spectrom eter was 40 M H z. U sing the kinetic m odel by Sugaw ara and Yip [12] , they determ ined relaxation rates in a least-squares procedure. A t near-atm ospheric pressures they find nb ^ 3n.
Lao, Schoen, and C hu [13, 14] investigated Rayleigh-B rillouin scattering in a num ber o f gases: C O 2,N 2, C 2F 6, C 2H6 and a H e-K r m ixture. A single-m ode A r-ion laser at 514.5 nm w ith a pow er up to 500 m W was used; scattering angles w ere varied, covering 90° and 60° for m ost cases. T he F abry-Perot spectrom eter em ployed had an F SR o f 2 G H z, w ith a 31 M H z instrum ental resolution. T he m easured spectra w ere analyzed w ith a hydrodynam ic line-shape m odel, w hile the Tenti S6 m odel was com pared to C O 2 and N 2 spectra. The bulk vis cosities used (nb = 2.2 x 10-6 and 1.28 x 10-5 k gm -1 s-1 , respectively) w ere com puted from know n rotational relaxation rates. It was concluded that, for C O 2, vibrational relaxation had no effect, a circum stance that was rediscovered later by Pan et al. [15] . G haem -M agham i and M ay [16, 17] investigated the R ayleigh-B rillouin spectrum in both the kinetic and hydrody nam ic regim e o f the noble gases He, Ne, and Ar. T hey found that, in the kinetic regim e, the spectra can be param etrized to the 3% accuracy level w ith the dim ensionless frequency and w avelength x and y , respectively [Eqs. (2 ) and ( 1)]. This is expected because noble gas atom s resem ble hard spheres, for w hich the x and y param eters com pletely determ ine the spectrum .
Experim ents on binary gas m ixtures o f noble gases and m ixtures o f H e w ith H 2 and D 2 w ere done by L etam endia et al. [18, 19] . They use a single-m ode A r-ion laser operating at 514.5 nm w ith a pow er of 800 mW, and a confocal (piezoelectrically scanned) Fabry-Perot spectrom eter w ith a finesse o f 50. The overall frequency resolution was 20 M H z. T he scattering angles w ere varied betw een 30° and 150°. The results w ere com pared to hydrodynam ic and kinetic line-shape m odels.
C oherent Rayleigh-B rillouin scattering was first proposed by She e t al. [20, 21] . G rinstead and B arker [22] experim entally dem onstrated coherent R ayleigh-B rillouin scattering in the collisionless lim it, w hereas Pan e t al. perform ed m easurem ents in the kinetic regim e [2 3 ,24] . D ata obtained in rare gases as w ell as in atm ospheric gases at room tem perature and var ious pressures w ere presented. C oherent Rayleigh-B rillouin scattering has been used for tem perature m easurem ents in low -density gases [25] as w ell as in flames [26] . In the latter case, it was shown that, by m odeling the flam e gas as a m ixture o f the dom inant com ponents (N 2, H, O, CO), the line shape in the collisionless regim e is only w eakly sensitive to the exact gas com position. R ecent developm ents of the technique include the use o f optical gratings form ed by pum p beam s w ith different frequencies to m odify the velocity distri bution o f m olecules [27, 28] , and the theoretical exploitation o f the high-intensity regim e [29, 30] .
In this article w e discuss experim ents on N 2, O 2, SF6, Kr, and H e-X e and H e-C O 2 m ixtures. T he experim ents w ere done in two com pletely different experim ental arrangem ents. In the first one, w e study scattering at 90° by spontaneous density fluctuations in a cell at a range o f pressures. In the other arrangem ent, the density waves are induced by electrostrictive forces in the overlap region o f two crossed laser beam s. This arrangem ent, coherent Rayleigh-B rillouin scattering, w hich was recently explored by Pan et al. [23, 24] , has the advantage that the scattered light inherits the coherence properties of the density wave, and is concentrated in a beam , rather than being distributed over a 4 n solid angle as in the spontaneous arrangem ent. T he gain in intensity is so large that an entire spectrum m ay be obtained in a single laser shot. On the other hand, long integration tim es are needed in our spontaneous experim ents. T he advantage o f the coherent arrangem ent is the insensitivity to stray reflected light, w hich presents a challenge in the spontaneous arrangem ent. However, w hile the statistical error of the spontaneous experim ent is due to photon collection statistics, m ode fluctuations o f the pum p laser that m akes the standing w ave field are currently lim iting the precision o f the coherent R ayleigh-B rillouin scattering experim ents.
A ll line-shape m odels use know n values o f the transport co efficients to param etrize the collision integral in the linearized B oltzm ann equation. M ost values are w ell established but, at the G H z frequencies o f our experim ents, the bulk viscosity nb is poorly know n. T he bulk viscosity quantifies the relaxation o f excited internal degrees o f freedom due to m olecular collisions. W e w ill argue that the excellent signal-to-noise ratio o f our experim ents allows us to both determ ine a value for the bulk viscosity and establish the accuracy o f line-shape m odels.
In Sec. II w e discuss kinetic m odels for the spectral line shape in spontaneous and coherent Rayleigh-B rillouin scattering, w hile the nature of the b ulk viscosity is discussed in Sec. IV . T he two experim ental techniques used in this w ork are briefly described in Secs. V A and V B , respectively. Results for the two experim ents are described in Sec. V II. 
II. LINE-SHAPE MODELS
w here k = \ k s -k p | is the scattering w ave vector, n is the num ber density, T is the tem perature, p is the pressure, v0 is the therm al velocity, v0 = (2kBT /M ) 1/2, n is the (shear) viscosity, and k B is the B oltzm ann constant. T he definition of y is based on the sim ple (dim ensional) relationship betw een the m ean free path betw een collisions and the shear viscosity n . T he param eter y can be view ed as the dim ensionless pressure or the dim ensionless w avelength. In the kinetic regim e 0.3 < y < 3, w hich is the relevant regim e for this article, neither the individual-particle approach nor the continuum approach applies, and one has to resort to solving the B oltzm ann equation for the density fluctuations. A t even sm aller y , the density is so low that w e enter the K nudsen regim e and the scattering is solely due to individual therm al m olecules. In this case, the w avelength dependence of scattered radiation is given by the R ayleigh distribution, The starting point o f line-shape m odels is the linearized B oltzm ann equation, w hich describes the deviation h ( r , v , t ) o f the position-velocity distribution function from its form at therm al equilibrium , the M axw ellian 0 (v ). T he hydrodynam ic variables, such as density, velocity, and heat flux are the veloc ity m om ents o f f (r , v , t ) = 0(v) [1 + h ( r , v , t ) ]. T he linearized collision operator is approxim ated using the m ethod of W ang Chang and U hlenbeck, w hich constructs the collision integral from the transport coefficients [31] .
In the now w ell-know n Tenti S6 and S7 m odels, the perturbation h o f the position-velocity probability density function is expanded in eigenfunctions o f the linearized col lision operator for m olecules that interact w ith interm olecular force F ~ r -5 [4 ,5] and is truncated after 6 or 7 term s. It was show n in [5] that, from the two truncations, surprisingly the 6-m om ent m odel (the Tenti S6 m odel) provides the superior fit o f experim entally m easured line shapes, probably because o f an effective resum m ation of the truncated expansion.
T hese line-shape m odels recycle inform ation: from known values o f the transport coefficients o f the continuum regim e that is the m acroscopic flow of gases, they reconstruct the collision operator needed in the kinetic approach. Two errors can arise in this procedure: (i) the truncation o f the collision operator is not adequate, and (ii) the transport coefficients are not know n precisely.
For a single-species gas, the transport coefficients needed are the shear viscosity n, the therm al conductivity X, the heat capacity cint o f the internal degrees of freedom , and the bulk viscosity nb. O f these transport coefficients, the bulk viscosity is essentially dependent on the frequency. Its know n value has been determ ined m ostly in experim ents involving ultrasound but, because frequencies in light scattering are m uch larger, nb m ust be considered as poorly know n in this range.
In the spontaneous case, R ayleigh-B rillouin scattering is due to the decay o f density waves w ith w ave num bers set by the scattering w ave num ber k . A n interesting tw ist to the problem o f R ayleigh-B rillouin scattering was given quite recently by experim ents and theory on coherent Rayleigh-B rillouin scattering [24] . It differs from spontaneous Rayleigh-B rillouin scattering in that density fluctuations are now induced by subjecting the m olecules to dipole forces in the electric field o f a standing light wave. In this case, the linearized B oltzm ann equation needs to be augm ented by the velocity-changing dipole-force term a ■ V v$ , w ith a being the dipole force, that directly acts on the zero-order M axw ellian ^( v ) ,1
is the linearized collision operator acting on the perturbation h . O therw ise, the treatm ent of the collision operator J proceeds in precisely the sam e m anner as for spontaneous R ayleigh-B rillouin scattering. This w as described in a nice didactical article by Pan et al. [24] . In coherent R ayleigh-B rillouin scattering, light is scattered by the induced dipoles, such that the scattered radiation inherits coherence from the optical w ave field and is concentrated in a beam that 1Implicit is an ordering of small parameters where the dipole term is of the same order as the perturbation 0(v) h (r ,v ,t ). points in the direction determ ined by 4-w ave phase-m atching conditions. This results in a trem endous increase in the signal, and a com plete R ayleigh-B rillouin spectrum can be registered in a single laser shot. However, the spectral w idth o f the pum p field m ust b e larger than the spectral w idth of the Rayleighscattered radiation, and creating a sm ooth broad-band line shape is a challenge w hen using pulsed lasers.
T he kinetic m odels for the line shape o f coherent Rayleigh-B rillouin scattering need exactly the sam e m acroscopic infor m ation as those for spontaneous R ayleigh-B rillouin scattering and are described by the sam e approxim ated collision integral. However, the spectra are different and thus provide a different m agnifying glass on the accuracy o f these m odels. T he dipole force a is determ ined by the pum p-beam intensity and by the polarizability a o f the m olecules. For a single-species gas, inform ation about a is not needed, as it is a m ere scale factor of the spectra. Inform ation about a for the dipole forces is only needed for a m ixture of gases. However, in this case the sam e inform ation w ould be needed for spontaneous R ayleigh-B rillouin scattering, because the scattering intensity is also proportional to a .
For A naive but perhaps effective approach m ay b e to consider air as a fictitious gas, w ith effective transport coefficients determ ined by m olecules w ith an effective m ass and effective internal degrees o f freedom . W hile such an approach may work, it is not internally consistent because the effective kinetic param eters are not w ell defined, and an agreem ent betw een m odel and experim ent m ust b e deem ed fortuitous. Still, in a separate study on spontaneous Rayleigh-B rillouin scattering on dry and m oist air, m easured spectra could be w ell-represented by the Tenti S6 model, taking the effective transport coefficients of air as param eters [32] .
B rillouin light scattering experim ents on m ixtures have been done by the group o f L etam endia e t al. [18, 19] . Their key point was that, in m ixtures o f noble gases w ith a very large disparity o f m asses (for exam ple X e and He), therm al equilibrium is reached slow ly due to the inefficiency 043836-3 o f the energy transfer by collisions, and the constituents have effectively two tem peratures. A kinetic m odel for both coherent and spontaneous R ayleigh-B rillouin scattering has been published by M arquez [7 ,8] and provides an im proved reproduction o f the spectra (over the hydrodynam ical m odel that was originally tried by L etam endia [18, 19] ).
T he m acroscopic description o f m ixtures requires many m ore transport coefficients w hose values are not always know n precisely. T he solution follow ed in [7 ,8] is to view the m olecules as hard spheres. For hard spheres, all transport coefficients, including the m ixture ones, follow from the hardsphere radius, w hich can be com puted from the shear viscosity. T he disadvantage of such a treatm ent is that no effects o f the internal degrees of freedom can be described in this manner.
A s this m odel should w ork w ell for a sim ple noble gas, w e shall com pare it to scattering experim ents on Kr. W e also com pare this m odel to experim ents involving m ixtures o f both atom ic and m olecular gases. W e argue that new m odels m ust be designed that allow for m ixtures of m olecules w ith internal degrees o f freedom .
IV. THE BULK VISCOSITY
T he m acroscopic continuum description o f gases, as is em bodied by the N avier-Stokes equation, is based on a sim ple linear relationship betw een cause and effect, that is, strain and stress. In an isotropic m edium , this relation leaves two proportionality constants, the shear viscosity and the bulk viscosity. N orm ally, only the shear viscosity is retained (the Stokes assum ption), but w hether this is justified or not can only be decided based on m icroscopic inform ation about the structure o f the gas m olecules [33] . [34] . D ue to the em ergence o f the tim e constant tí , the bulk viscosity depends on the frequency o f sound. As in light scattering experim ents, the probed w ave num bers and, consequently, the sound frequencies, are at least 1 to 2 orders of m agnitude larger than in acoustical experim ents, so the currently known values o f nb m ay not be reliable for light scattering. Therefore, w e w ill try system atically to obtain a better reproduction of m easured line profiles by varying nb.
T here is a delicate interplay betw een m olecular structure and the frequency o f sound. If vibrational levels have energies com parable to k BT and therefore can be reached in collisions, they generally com e w ith very long relaxation tim es tí , and thus large values o f nb. However, these excited vibrational levels m ay rem ain frozen in light scattering experim ents because o f the high frequencies involved. A survey o f the bulk viscosity o f m any other polar and nonpolar m olecules using coherent R ayleigh-B rillouin scattering has recently been done in [35] .
W hile the bulk viscosity nb m ay provide a convenient param eter in w hich internal m olecular degrees of freedom can be lum ped, its fundam ental basis rem ains highly controver sial [36] . Perhaps, the only correct m anner to describe gases with internal degrees of freedom w ould b e to treat each internal state as separate species in a m ulticom ponent kinetic theory.
V. EXPERIMENTAL SETUPS
In a jo in t effort to study R ayleigh-B rillouin scattering in both the spontaneous and coherent arrangem ent, w e built two different experim ental setups w hich w e w ill now briefly describe. Further details can b e found in [32, 35] .
The spontaneous scattering experim ent was inspired by the future E SA Earth E xplorer A tm ospheric D ynam ics M ission, w hich w ill provide global observations o f w ind profiles from space [6] . In this satellite m ission, an ultraviolet laser beam The spectrum is directly im aged onto a charge-coupled device (CCD ) array, w ith a sim ple relationship betw een frequency and position. A s the m irrors in the F izeau spectrom eter are not parallel, the spectral response to m onochrom atic light is slightly asym m etric [41] [42] [43] . This was m easured in a separate experim ent, and the result was used to convolve the R ayleigh-B rillouin scattering spectra com puted from the Tenti m odel. T he distance betw een the m irrors determ ines the FSR, the m irror reflectivity determ ines the finesse, and the w edge angle determ ines the spectral dispersion. The The scale is the same as that of the mean spectrum in Fig. 7(b) . (c) Photon noise a ( f ) for the spontaneous Rayleigh-Brillouin scattering spectrum N2 at p = 3 bar. is barely visible in the Rayleigh-B rillouin spectra, and it was not necessary to rem ove it by filtering, as was done in [37] .
T he statistical error in the found nb is determ ined by the statistical fluctuations in the m easured spectra. From the variation in the 10 registered spectra, w e estim ate the rms variation at each (discrete) frequency a ( f i ), as is illustrated in Figs. 2(a) and 2 (b ).
In principle, accurate single-shot coherent Rayleigh-B rillouin spectra are possible using a pum p laser w ith a sm ooth and reproducible broad-band spectrum . In this way, the instantaneous density and tem perature o f a gas w ould full lines correspond to model spectra using the S6 model, dashed lines correspond to model spectra using the S7 model. The overall higher values of x 2 show that the spectra are not well described by the S7 model. The x 2 error at p = 3 using the S6 model has a minimum at nb = 2.2 x 10-5 kgm -1 s-1, which is indicated by the grey line; the value of nb at smaller pressures cannot be determined in this way.
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convolved w ith S ( f ) and, since the free spectral range is relatively small, it is im portant to allow for the periodic nature o f S ( f ).
T he light that passes through the FPI is detected using a photom ultiplier tube (PM T), w hich is operated in the photon-counting m ode and read out by a com puter. To prevent contam ination on the m irrors that could lead to absorption of U V light, the enhancem ent cavity as w ell as the F P I is flushed w ith dry nitrogen. Inside the cell, the pressure is m easured w ith an active piezo transm itter (Pfeiffer-A PR). The tem perature is m easured w ith a therm o resistor Pt100. B efore perform ing a m easurem ent, the scattering cell was evacuated and purged w ith the w orking gas, before being charged to the desired pressure, to a avoid any contam ination from gases o f previous m easurem ents. T he tem perature for all m easurem ents ranged betw een 295 and 303 K.
A ssum ing Poissonian statistics o f registered photon counts, an estim ate o f the statistical error a ( f ) o f m easured spectra was obtained from the square root o f the accum ulated photon count N i at each discrete frequency f i . It was verified that the fluctuations n ] /2 at each f i w ere independent. T he statistical error is shown in Fig. 2 (c) ; it is approxim ately one order of m agnitude sm aller than that of the coherent experim ents. show that the spectra are not well described by the S7 model. Using the S6 model, the error at p = 2 has a minimum at nb = 2.6 x 10-5 kgm -1 s-1, while at p = 3, the minimum is at nb = 1.75 x 10-5 k gm -1 s-1. These two minima are indicated by the gray lines.
VI. NORMALIZATION OF MEASURED
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F izeau spectrom eter used in the coherent Rayleigh-B rillouin scattering experim ent is always (m uch) larger than the width o f our D oppler-broadened lines, the precise value o f f b is not im portant for the coherent case.
A nother issue is the signal background I e0 in the exper im ent, w hich m ust be subtracted from the raw m easured spectrum I er ( f ) before norm alization of I e( f ) = l er ( f ) -I e0.
In the spontaneous Rayleigh-B rillouin experim ents, l e0 is m ainly m ade up o f dark counts of the photom ultiplier; it was determ ined for each m easurem ent and w as subtracted from the subsequently m easured spectrum . However, it turns out that l e0 also contains a sm all contribution I ' o f broadband fluores cence of the cell w indow s. W e discovered that this contribution also depends on the exposure history o f the cell w indow s.
Therefore, it was decided to correct the m odel spectra l m( f ) for this residual background contribution by setting l m( f ) = a l e( f )l'eo, and to determ ine l'eo and the proportionality constant a in a least-squares procedure for the w ings o f the spectra, w here the w ings are defined as frequencies such that w here N ' is the num ber o f independent sam ples in the spectrum . For the coherent experim ent, N ' is determ ined by the m ode fluctuations o f the pum p laser, w ith the spectral w idth of a m ode spanning several discrete frequency intervals. For the spontaneous experim ents in w hich the frequency is scanned in tim e and the shot-noise fluctuations at each discrete pixel are independent, N ' equals the num ber o f discrete frequency sam ples. W e should realize, however, that a nb is m erely the statistical error in the m easured nb. A n im portant source of system atic error is the alignm ent o f the setup.
VII. RESULTS
T he purpose o f the experim ents is to obtain precise spectra o f sim ple gases, both for the spontaneous and the coherent TABLE I. Values of the transport coefficients used in the computa tion of line-shape models: the shear viscosity n, the heat conductivity k, and the dimensionless heat capacity cint of internal degrees of freedom. For the line-shape model for mixtures, the hard-sphere radius a and the polarizability a is listed. The transport coefficients are given at a reference temperature T = 293 K, but the actual values used were corrected for the temperature of each experiment. (c) x 2 error as a function of nb for p = 3 bar; the full line is using the S6 model, the dashed line is using the S7 model. The grey line indicates the minimum of X 2 found at p = 5 bar [35] .
arrangem ent and to establish the accuracy o f line-shape m odels. A t the sam e tim e, a value of the bulk viscosity is obtained using the least-squares procedure explained in Sec. V I. Finally, coherent R ayleigh-B rillouin scattering spec tra o f gas m ixtures w ill be com pared to a recent line-shape m odel.
A list o f the transport coefficients used for com puta tion of the line-shape m odels is given in Table I . The transport coefficients are given at a reference tem perature T = 293 K, but the actual values used w ere corrected for the tem perature of each experim ent using a T 1/2 depen dence o f n and X, w hich is adequate for sm all tem perature differences.
A. Spontaneous Rayleigh-Brillouin scattering
Spontaneous R ayleigh-B rillouin line shapes for N 2 are show n in Fig. 4 for a ran g e o f pressures. A ll spectra are very w ell described by the Tenti S 6 m odel, w hereas the 7-m om ent m odel differs significantly from the experim ental data. O f course, this was already know n to Tenti e t al. [5] for a gas o f H D m olecules.2 T he slight discrepancy at the low est p ressure (w here the scattered light intensity is w eakest) m ay b e due to reflected light. A t p = 3 bar, the m easured x 2 has a clear m inim um at nb = 2.2 x 10-5 k g m -1 s-1 . U sing the properties o f this m inim um , and follow ing Eq. (5), w e estim ate a statistical error o f approxim ately 1%. W e believe that this error is not representative o f the uncertainty in nb, w hich is m ainly determ ined by system atic errors.
T he value nb = 2.2 x 10-5 k g m -1 s-1 that w e find is m uch larger than nb = 1.28 x 10-5 k g m -1 s-1 found in the literature; a value w hich was determ ined at acoustical fre quencies [44] , but verified by L ao e t al. in light scattering experim ents [13] .
S pontaneous R ayleigh-B rillouin line shapes for O 2 are shown in Fig. 5 for a range o f pressures. A s for N 2, all spectra 2For the computation of the S7 model, we have used the same program as in [24] , which for HD gives a different result than that shown by Tenti et al. [5] . In [5] , the difference between the S6 and S7 model is much larger than in [24] and the present article. Possibly, [5] made an error in the implementation of their S7 model.
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are very w ell described by the Tenti S6 m odel, w hereas the 7-m om ent m odel differs significantly from the experim ental data. A t p = 3 bar, the m easured x 2 has a clear m inim um at nb = 1.75 x 10-5 kg m -1 s-1 , w hereas at p = 2 bar the m ini m um is at nb = 2.6 x 10-5 k g m -1 s-1 . B ecause no m inim um can be observed for low er pressures, the spectrum at p = 1 bar was com puted using nb = 2.6 x 10-5 kg m -1 s-1 . T he values o f nb that w e find for O 2 are m uch larger than the value nb = 0.82 x 10-5 k g m -1 s-1 found in the literature, w hich was determ ined in acoustical experim ents [4 5 ].
Since com plex m olecules have m any internal degrees of freedom , w hich m ay or m ay not relax quickly enough in light scattering experim ents, it is interesting to revisit their bulk viscosity. F igure 6 shows a spontaneous Rayleigh-B rillouin spectrum in SF6 at p = 2 bar, together w ith the dependence of X 2 on nb.
Spontaneous R ayleigh-B rillouin scattering o f SF6 has been studied by C lark et al. at a scattering angle o f 11° and a w avelength of 633 nm; consequently, the sound frequency was m ore than one order o f m agnitude sm aller than in the present experim ent [46] . T he vibrational levels o f SF6 have a long relaxation tim e ( « 2 x 10-7 s) and therefore rem ain frozen in light scattering experim ents. T he rotational relaxation tim e is also relatively slow ( « 6 x 10-10 s). W hile C lark et al. concluded that rotational levels partake in relaxation and thus contribute a bulk viscosity, this m ay b e different in our experim ents. N evertheless, in the analysis of our experim ent w e take cint = 3 /2 for the heat capacity of internal degrees of freedom . as a function of nb for p = 3 bar; the full line is using the S6 model, the dashed line is using the S7 model. The x error at p = 3 using the S6 model has a minimum at nb = 3.0 x 10 5 kgm s , the value of nb at smaller pressures cannot be determined in this way.
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is m uch larger than that o f the spontaneous Rayleigh-B rillouin experim ents. A lso, the m ode structure o f the pum p laser can ju st be observed in the residue.
A t these pressures, there is not a clear m inim um o f x 2 versus nb. Clear m inim a are found for higher pressures, w here the influence o f the bulk viscosity is stronger. From m easurem ents at p = 5 bar, w e infer a bulk viscosity nb = 2.6 x 10-5 k g m -1 s-1 , w ith a statistical error of a nb = 0.5 x 10-5 kg m -1 s-1 [35] . This value agrees w ith that found from spontaneous R ayleigh-B rillouin spectra, but is larger than the literature value o f nb = 1.28 x 10-5 k g m -1 s-1 [4 4 ]. U sing the error analysis [Eq. (5)], w e find that, for the coherent Rayleigh-B rillouin experim ents, the statistical error in nb is com parable to the system atic error.
In Fig. 8 , w e show coherent R ayleigh-B rillouin spectra for O 2 at pressures p = 2 and 3 bar. Sim ilar to the N 2 spectra, the noise in the spectrum is relatively large. A t p = 3 bar there is a shallow m inim um o f x 2 versus nb at nb = 3.0 x 10-5 k g m -1 s-1 . From this shallow m inim um w e estim ate a large statistical error a nb = 1.0 x 10-5 kg m -1 s-1 . A t p = 5 bar, a clear m inim um gives a nb = 2.3 ± 0.3 x 10-5 k g m -1 s-1 , w hich is significantly larger than the liter ature value, nb = 0.808 x 10-5 k g m -1 s-1 [35] .
C oherent R ayleigh-B rillouin scattering m easurem ents on N 2 and O 2 for a range o f pressures have previously been reported by Pan et al. and com pared to the Tenti S7 m odel [24] . W ith the im proved statistical accuracy o f the present experim ents, w e conclude that the S6 m odel provides a significantly better fit o f the spectra. D ue to the fluctuating m ode structure o f the pum p laser, the fluctuations in coherent R ayleigh-B rillouin spectra are much larger than in the spontaneous spectra. However, the results o f both experim ents agree: the bulk viscosities o f N 2 and O2 gases are larger than their literature values, w hile in both cases the Tenti S6 m odel provides a better fit to the experim ents than the S7 model. This is rem arkable because the nature of the collective density fluctuations is very different in both experim ents, leading to very different spectral line shapes. in the m ixture, w e also com pare the m easured spectrum to a single gas o f X e at 1 bar.
C. Gas mixtures
In the coherent arrangem ent, the polarizability o f an atom determ ines both the force in the standing electric field and the scattered light intensity. Therefore, the coherent Rayleigh-B rillouin scattering signal o f a m ixture depends quadratically on the polarizability a o f the atom s. A s a o f X e is a factor 20 larger than that o f He, the relaxation o f sound is predom inantly probed by the X e atom s. F igure 10 illustrates that the m odel com pares w ell to the experim ent, and predicts a line shape that is very different from scattering on a single X e gas at the sam e partial pressure.
A s Fig. 9 illustrates, the hard-sphere m odel considered here does not predict the line shapes w ell at low pressures. Therefore, the successful prediction o f the H e-X e m ixture results in Fig. 10 m ight b e fortuitous. In any case, the m odel predicts the large influence of the spectator atom (He) on the m ixture line shape.
To illustrate the influence o f H e on the coherent Rayleigh-B rillouin spectrum o f C O 2, w e show in Fig. 11 (a) the line shape o f an equim olar m ixture o f H e and C O 2 at p = 2 bar, and com pare it to a spectrum o f pure C O 2 at p = 1 bar in Fig. 11(b) . W hilst the last spectrum can b e m odelled w ell by the Tenti S6 m odel, it significantly differs from the m ixture experim ent.
scattering on m ixtures o f noble gases at relatively high pressures [7] (3 .8 -6 atm), and for coherent Rayleigh-B rillouin scattering on A r and K r w ith the low est pressure p = 1.5 atm [8] . In order to test the accuracy of the m odel for a single noble gas, w e first show spontaneous and coherent spectra on K r in Fig. 9 . For both cases, the deviation betw een m odel and experim ent at 1 bar is relatively large. This result suggests that interactions other than hard-sphere interactions should be considered in the model. C oherent spectra in an equim olar m ixture of H e and X e at 2 bar are shown in Fig. 10 and com pared to the m ixture m odel [8] . In order to illustrate the influence o f the helium VIII. CONCLUSION T he Tenti S6 m odel reproduces Rayleigh-B rillouin spectra o f single m olecular gases rem arkably well. However, a reconsideration o f the value o f the b ulk viscosity was needed. This is legitim ate because nb has, so far, been determ ined in acoustic experim ents at frequencies that are several orders of m agnitude sm aller than the G H z frequencies o f light scattering experim ents.
It is possible that, w ith our precise spontaneous Rayleigh-B rillouin experim ents, w e start to see the lim its o f the Tenti S6 m odel. This is also suggested by the pressure dependence of nb in O 2 in Fig 
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the y param eter, w hich is also the dim ensionless w avelength, this m ay point to a w avelength dependence of nb, w hich may arise if the relaxation of a density perturbation is also due to the diffusion o f excited m olecules [47] .
U sing coherent Rayleigh-B rillouin scattering, Pan e t al. found that the bulk viscosity o f C O 2 at sound frequencies corresponding to optical w avelengths was m uch sm aller than w hat was know n from acoustical experim ents [48] [49] [50] , w hich shows that that, w hile vibration m odes are therm ally accessible in C O 2 , their relaxation rate is slow w ith respect to the G H z frequencies of light scattering experim ents. Therefore, w hile vibration m odes m ay partake in the bulk viscosity at ultrasound frequencies, they rem ain frozen in light scattering experim ents. Surprisingly, for N 2 and O 2 m olecules w e find a larger nb. Clearly, the argum ent involving vibrational degrees o f freedom does not apply here since the low est vibrational levels are orders o f m agnitude above k B T at room tem perature, and there should be no reason not to use the literature values o f nb w hich w ere determ ined at ultrasound frequencies.
In our coherent R ayleigh-B rillouin scattering experim ents, the statistical accuracy is com prom ised by the random m ode fluctuations o f the pum p laser, w hich induces the density waves. Still, these experim ents lead to the sam e conclusion regarding the value of nb and the superiority o f the S6 model. W e have also m ade a first step in testing a recent m odel [8] for coherent R ayleigh-B rillouin scattering experim ents in m ixtures o f gases. Surprisingly, in m ixtures of H e and X e atom s, and of H e and C O 2 m olecules, the H e atom s hardly partake in the density waves and hardly contribute to the scattered light signal, but they clearly influence the Brillouin spectral line shapes o f these m ixtures. B ecause the hard-sphere m odel that underlies the m ixture m odels in [7 ,8] does not appear adequate for noble gases at low pressures, and because it cannot represent m olecules w ith internal degrees of freedom , there is a clear need to design line-shape m odels for m ixtures o f m olecules along the lines o f [7 ,8] . We hope that our experim ents inspire further developm ent o f such m odels. 
